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Abstract
Lymphocytes are unique among blood cells in their capacity to continually reclrculate between
blood and the tissues via the lymph. Previous estimates of lymphocyte lifespan In vivo and the
turnover of the recirculating lymphocyte pool have been deduced from indirect labeling techniques.
Using the fluorescent dye PKH-26, individual labeled cells have been tracked In sheep for periods
>2 months. By direct measurement their lifespan was calculated. This label was found to be stable
In vivo, allowing long-term analysis of the characteristics of the recirculating lymphocyte pool. It Is
possible to calculate the rate of turnover of cells of the recirculating pool based on the rate at
which labeled cells disappear from the lymphatic circulation. The recirculating lymphocyte pool
was found to repopulate itself every 16.5 ± 3.0 days. Using this label, It was estimated that
recirculating lymphocytes divide on average once every 29.8 ± 6.8 days. Labeled erythrocytes
were also examined and found to have an average lifespan of 153 days, demonstrating no dye loss
over the 2 month period of observation. These data suggest that the recirculating lymphocyte pool
is a highly dynamic compartment, with a high rate of turnover and peripheral cell division In vivo.
This Is the first report of the direct measurement of the In vivo turnover of recirculating lymphocyte
pools, and this method may now be used to further analyze the lifespan of individual lymphocyte
subsets and the In vivo lifespan of other cell types In vivo.
Introduction
One of the basic hallmarks of the immune system is the
characteristic of immunological memory. It was accepted for
many years that this phenomenon is due to a long-lived
population of lymphocytes specific for previously encountered
antigen. However, in recent years, the mechanism for the
long-term maintenance of immunological memory in vivo has
come into question, along with the lifespan of lymphocytes
(1). In vivo transfer experiments have suggested that, in mice,
memory may be due to a short-lived population of lymphocytes
(2,3). The physiological process of lymphocyte migration
has been demonstrated to be absolutely required for the
immunological mechanisms of surveillance and memory (4).
Animals deprived of lymphocytes recirculating through
antigen-stimulated lymph nodes have been shown to lose
characteristic systemic memory responses in vivo, although
local secondary responses can still be detected (4). The
systemic component of memory therefore may lie within the
recirculating pool of lymphocytes.
In an effort to understand the nature of lymphocyte recircula-
tion, a great deal of information has been obtained regarding
the molecular mechanisms of lymphocyte-endothelial trans-
migration (5). Much of this data has been obtained in rodent
models. In addition, rodent models have been used exten-
sively in the study of lymphocyte homing (6). However, only
in a large animal model is it possible to study the recirculation
of lymphocytes through tissues by direct cannulation of
individual lymphatic vessels (7). As a result, more is known
regarding the physiology of lymphocyte traffic in sheep than
in any other species (8-10). Lymphatic cannulation provides
direct access to a virtually pure population of recirculating
lymphocytes, with minimum in vitro manipulation. However,
previous studies have been hampered by the use of lympho-
cyte tracking labels which permit only short-term experiments,
generally lasting a few days. No long-term tracking of labeled
cells has been possible. In addition, previous estimates of
cell lifespans in vivo have also involved the use of indirect
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techniques, such as the persistence of altered karyotypes,
in vivo incorporation of labeled nucleotides or arrest of cell
proliferation (11-13). Some of these studies were hampered
by unequal precursor distribution during labeling as well as
cellular toxicity (14,15). Furthermore, these methods do not
permit precise mathematical calculation of in wVocell turnover
based upon direct measurement.
Several different labeling techniques have been used to
establish the lifespan of erythrocytes in vivo. The majority of
red blood cell data has been obtained through the use of
radiolabeled compounds. Using [32P]diisopropyl fluorophos-
phate, 51Cr or ^Fe, a variety of values of red blood cell
lifespans has been obtained (16,17). There are a number of
difficulties in the use of these labeling techniques, including
rapid elution rates (51Cr), lengthy in vitro labeling procedures
([•^PJdiisopropyl fluorophosphate) and re-utilization of label
in vivo^Fe) (12-14).
The development of the PKH family of lipophilic labels has
allowed more direct measurement of cell lifespan to be
undertaken (19). This label consists of a linker molecule which
directly intercalates into lipophilic membranes. Fluorochromes
can be attached to this linker, allowing a variety of new labels
to be used. The green label PKH-2 has been found to be
stable in vivo for long-term labeling studies (20). The red
linker PKH-26 has previously been used to determine the
lifespan of rabbit red blood cells in vivo (21). With respect to
lymphocytes, in vitro data demonstrates the PKH label to be
equally segregated to two daughter cells during cell division,
suggesting that direct measurement of rates of cell division
in vivo may be based on halving of the fluorescence intensity
of labeled cells following re-injection (19). Finally, the PKH-2
form of this label allows long-term tracking of the migratory
behaviour of recirculating lymphocytes over periods of up to
3 months, with no apparent alteration in homing character-
istics (20).
Based on the drainage rate of thoracic duct lymphocytes,
the recirculating pool is thought to represent -10% of the
total number of lymphocytes found in sheep or -1X1011
lymphocytes in a 30 kg animal (22). However, only ~1x1010
lymphocytes are found in the blood at any given time,
indicating that 90% of the recirculating pool is located in a
state of transit within lymphatics or secondary lymphoid tissue
(22). The turnover of this pool and of its individual subset
components is of direct relevance to a better understanding
of the process of immunological memory. Using the PKH
labels, it is possible to perform long-term analysis of the
turnover of cells in the recirculating lymphocyte pool based
on the rate at which labeled cells disappear from the blood
and lymph. In addition, it is possible to calculate directly the
rate of cell division in vivo based on the rate at which label
is lost from injected cells The studies reported here involved
labeling recirculating lymphocytes collected from efferent s.c.
lymph with PKH-26. Following re-injection, these cells were
followed for periods of up to 3 months in vivo, for the first
time directly measuring the turnover of the recirculating
lymphocyte pool in vivo. Using this dye, it was possible to
directly calculate the turnover rate of the recirculating pool in
various tissues, including efferent s.c. lymph, efferent intestinal
lymph and peripheral blood.
Methods
Surgical procedures
Randomly bred ewes of 8-10 months of age (30-35 kg) were
acquired from the Le-Do sheep farm (Ajax, Ontario, Canada)
All animals were induced with i.v. sodium pentothal and
anesthesia maintained throughout surgery with inhaled halo-
thane. Catheters were placed in the efferent lymphatics
draining the prescapular, prefemoral and intestinal lymph
nodes as previously described (23-25). \fenous access was
maintained by inserting a catheter attached to a three-way
stopcock into the jugular vein. Following surgery, animals
were allowed to recover for at least 24 h prior to any cell
collections. In most experiments, catheters were tied-off to
prevent excessive lymphocyte drainage from high-flow
lymphatics following cell collection and labeling, and surgeries
undertaken 3-5 days later to establish catheters in smaller
lymphatics for sampling. Typically, lymph would be collected
from these smaller lymphatics for periods of 7-10 days, at
which time catheters would be tied-off for an additional 7-10
days. New catheters would then be established for further
sampling. Lymph collection proceeded until labeled cells
became undetectable. The flow of lymph and the cell output
from cannulated lymphatics was monitored throughout the
experiment to monitor for excessive drainage of recirculating
lymphocytes. All animals were housed in metabolism cages
during lymph collection, and allowed free access to food and
water throughout the experiment. All protocols conformed to
the standards set by the Sunnybrook Health Science Centre
Animal Care Committee and the Canadian Council on
Animal Care
Cell collections
Lymph was collected in sterile bottles attached to bottle
holders sutured directly to the skin of the animal and contained
100 units heparin (Hepalean) and 20,000 i v units penicillin.
Blood lymphocytes were prepared by collection of heparin-
ized whole blood, followed by lysis in a solution containing
17 mM Tris and 0.75% ammonium chloride. For analysis, cells
were washed once in HBSS prior to fixation in a solution of
1% paraformaldehyde in PBS and storage at 4°C
Cell labeling
Lymphocytes. Cells collected from efferent prescapular lymph
were counted on a Coulter ZM Cell counter (Coulter Elec-
tronics, Hialeah, FL). For all experiments, overnight collections
were used, representing 2-7X109 lymphocytes. Whole lymph
cell pellets were washed three times in HBSS containing
10% lymph plasma (HBSS/10% plasma). Cells were then
resuspended at a concentration of 1 x 108 cells/ml in the
provided Diluent C (Zynaxis Cell Science, Malvern, PA). PKH-
26 was diluted to a concentration of 8 (iM in an equal volume
of Diluent C. The two mixtures were then combined and
allowed to label for 2.5 min. A 2-fold excess of HBSS/
10% plasma was then added and the cells recovered by
centnfugation. The cells were washed once in HBSS/10%
plasma and resuspended in 20 ml autologous lymph plasma
prior to re-injection. All cells were injected i.v. via the indwelling
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venous catheter. Samples of unstained and stained cells were
kept and fixed in paraformaldehyde for later analysis.
Erythrocytes. Whole blood (20 ml) was collected and the cells
were washed three times in HBSS/10% plasma The cells
were then resuspended in 20 ml Diluent C. Dye was added
to a final concentration of 8 nM to another 20 ml of Diluent C
and the two mixtures added together. The cells were allowed
to label for 2.5 min and then diluted with a 2-fold excess of
HBSS/10% plasma. Following a wash as above, the cells
were resuspended in autologous lymph plasma and re-
injected i.v. Samples of stained and unstained cells were kept
for analysis.
Analysis
All samples were fixed in 1% paraformaldehyde in PBS and
stored at 4°C All samples from a single experiment were
analyzed on a Coulter Elite flow cytometer at a single sitting
PKH-26 was excited using a 488 nm argon laser and detected
using a 575 nm band-pass filter At least 105 lymphocytes
were analyzed per sample, gated appropriately on forward
and side scatter to include only small lymphocytes or red
blood cells respectively. This allowed a calculation of the
mean fluorescence intensity of PKH-26 labeled cells, as well
as calculation of the concentration of labeled cells in each
collection.
Statistics
Lymphocytes. Samples included in analysis were taken at
least 150 h after injection in order to minimize variability during
equilibration of labeled cells. Mean fluorescence intensity and
proportion of labeled cells was converted to the log10 These
log data were then subjected to a least-squares regression
against time to obtain the equation for the rate of disappear-
ance. Least-squares regression was also performed on the
linear data (26). The significance of the trend was assessed
using a standard two-tailed f-test with a rejection value of P >
0.05. The half-life of the equation was then calculated from
the slope of the line in the form y = bx + a to obtain the rate
of disappearance of labeled cells, termed the pool turnover
rate, or the rate of loss of intensity of the labeled cells, termed
the cell lifespan or division rate.
Erythrocytes. Samples included in analysis were taken at least
150 h after injection in order to minimize variability from
equilibration of labeled cells Mean fluorescence intensity was
converted to the log10 as above and subjected to a least-
squares regression. The proportion of labeled cells was
directly subjected to a least-squares regression as well as a
logarithmic least-squares regression as above (26). Statistical
significance was assessed as above and the half-life of
fluorescence intensity calculated. For the purposes of this
study, the lifespan of the labeled pool was determined to be
that time point following labeling at which no labeled cells
could be detected.
Results
Long-term detection of PKH-26-labeled lymphocytes
Initial labeling conditions were established according to proto-
cols developed previously for PKH-2 (20). For red blood cells,
a titration of both cells and dye was used to establish optimal
conditions. Following labeling, both cell types fluoresced at
intensities > 100-fold above background and exhibited even
staining as assessed by fluorescence microscopy. Labeled
lymphocytes routinely remained detectable for 2 months by
flow cytometry (Fig. 1). Labeled erythrocytes were equally
detectable (not shown). Over the examination period, the
intensity of staining of the labeled lymphocytes became more
diffuse. This was not seen with labeled erythrocytes, however.
After the injection of labeled cells, there was an equilibration
period as has been previously described using other labels
(27-29). This was reflected in the acute decrease in concentra-
tion of labeled lymphocytes and erythrocytes in the blood, as
well as the concurrent increase in the concentration of labeled
lymphocytes in lymph draining s.c. and intestinal tissues. It
was found that the concentration of labeled lymphocytes and
erythrocytes in the peripheral blood fluctuated for a period of
~5 days before stabilizing and for this reason only samples
taken >150 h following injection were included in later
experiments
Rate of loss of PKH-26 label from lymphocytes in vivo
Labeled lymphocytes were identifiable in blood and lymph
for >2 months, and continued to be easily differentiated from
unstained cells. Fluorescence plots from efferent s.c. lymph
collections from a representative animal are shown in Fig. 1.
There was no detectable transfer of PKH-26 to unlabeled
cells in that granulocytes or monocytes were never found to
be labeled. Representative regression curves from one animal
used to determine the rate of dye loss from lymphocytes
recovered from intestinal lymph, prescapular lymph and peri-
pheral blood are shown in Fig. 2(a). Data was analyzed from
5 days after injection of labeled cells, as described above.
The analysis was based on the rate at which the intensity of
the dye on the labeled cells decreased. From the regression
equations, a half-life for the loss of fluorescence intensity on
s.c. and intestinal lymph cells was calculated (Table 1). Only
statistically significant curves were used for later numerical
analysis. Although it was always possible to calculate the
regression equations for cells recovered from peripheral
blood, the trend was not statistically significant, and therefore
no numerical calculations for half-life were carried out on
these samples
Disappearance of PKH-26-labeled lymphocytes from blood
and lymph
Representative regression curves for the disappearance of
labeled recirculating lymphocytes from s.c. efferent lymph,
intestinal efferent lymph and peripheral blood from one animal
are shown in'Fig. 2(b). Data from all three tissues produced
significant regression curves, which could be used for
numerical analysis. By solving these equations it was possible
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Fig. 1. Histograms depicting representative plots of fluorescence intensity of cells recovered in efferent s.c. lymph following injection of labeled
cells. At the end of the expenment, all samples were analyzed on a Coulter Epics Elite flow cytometer, gated appropriately on 90° versus
forward angle light scatter to include only small lymphocytes. Data is presented as cell number versus log10 fluorescence.
to calculate the time taken to reduce the concentration of
labeled cells recovered from each tissue to half its original
value. Labeled lymphocytes disappeared from both blood
and lymph in an exponential manner, with a calculable half-
life. This allowed assessment of the turnover rate, or that time
required to replace half the labeled lymphocytes in each
compartment through cell death, peripheral cell division or
input of new cells from primary lymphoid organs. Pooled
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Table 1. Rate of loss of fluorescence and turnover of
recirculating lymphocytes in vivo
10 20
Tim* (days)
30
Tissue Label loss rate
(days ± SEM)
Turnover rate
(days ± SEM)
Subcutaneous lymph (n
Intestinal lymph (n = 3)
Blood (n = 3)
Combined
= 5) 29.2 ± 11.4
30 5 + 7.7
NA
29 8 + 6.8
21.7 ± 5.3
11 7 ± 29
12.7 ± 4.2
16.5 ± 3.0
Calculated rates of label loss and turnover of recirculating
lymphocytes in each compartment and overall derived from
logarithmic regression analysis. The slopes of all curves used in
calculation are statistically significant (P < 0.05).
NA indicates the lack of statistically significant regression curves
for numerical analysis. 'Combined' values represent weighted means
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Fig. 2. Plots of fluorescence intensity and recovery of labeled
lymphocytes following re-injection Representative plots from one
animal depicting the results of data obtained as in Fig 1 (a) Plot
depicting the drop in intensity of fluorescence of labeled cells in
blood, efferent s c lymph and efferent intestinal lymph following
injection. The cells were found to lose fluorescence in an exponential
manner, consistent with a constant time for the cell to lose half its
label, indicative of cell division. Regression curves were calculated
in order to obtain a slope of the line, which could be used to calculate
half-life, (b) Disappearance of labeled lymphocytes from blood,
efferent s c lymph and efferent intestinal lymph following injection.
The disappearance of labeled lymphocytes from all tissues was found
to follow an exponential pattern of decay. This allowed prediction of
a half-life for lymphocytes or the mean turnover rate
results are shown in Table 1 The calculated rate of turnover
in each tissue compartment is shown.
Recovery of PKH-26 labeled erythrocytes in vivo
Labeled erythrocytes could be detected at measurable levels
(up to 0.5%) for up to 2 months. At this point, the experiment
was terminated. There was no detectable loss of intensity of
label over this period. A representative curve is shown in Fig.
3(a). In addition, there was no detectable transfer of label
onto other cell types. However, there was a linear rate of
disappearance of the labeled cells during this period. When
plotted against time (Fig. 3b), a lifespan for red blood cells
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Fig. 3. Plots of fluorescence intensity and recovery of labeled
erythrocytes following re-injection, (a) Fluorescence intensity of
labeled red blood cells following i.v. injection. No detectable loss of
intensity was found, indicating the lack of cell division and dye re-
utilization. (b) Concentration of labeled red blood cells following
injection. Red blood cell lifespan was calculated from the linear curve
by determining the time at which no labeled cells would be present
(not shown). Data from one animal is shown.
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could be calculated. The average lifespan of a sheep erythro-
cyte in vivo was determined to be 153.0 days (n = 2).
Discussion
This is the first report of direct measurement of lymphocyte
turnover in vivo. These experiments demonstrate that it is
feasible to use the PKH family of lipophilic dyes to track
erythrocytes and lymphocytes in vivo for periods of several
months, and that it is possible to establish values for the
turnover of lymphocyte pools based on direct measurement
techniques.
The use of PKH-2 for long-term tracking has been previously
established in our laboratory (20). However, the use of PKH-26
for similar experiments has not been demonstrated. Previous
studies have demonstrated that the PKH dye is a valuable
tool for cell tracking experiments, with no detectable effect
on cell function (30,31). This label has been used previously
to establish the nature of short-term lymphocyte migration
patterns through the liver (30) In these experiments, no
detectable alteration was observed in the short-term migratory
characteristics of labeled lymphocytes. Cells damaged during
labeling, as is observed with other tracking dyes, do not
recirculate (32). However, appropriately labeled cells will
remain easily distinguishable and recirculate for long periods
of time. Even with a relatively small population of cells labeled,
the technique of flow cytometry allows one to easily distinguish
the labeled pool from the unlabeled pool.
Previous studies have used radiolabels to establish the
lifespan of red blood cells in experimental animals (16,17).
Although effective, this method lacks some of the technical
advantages of a fluorescence-based protocol. In addition,
although there has been some demonstration of the effect of
radiolabels on cell function, there has been no demonstrable
loss of function of cells following labeling with the PKH labels
(33,31). Although studies using chromium and iron have
demonstrated 'leeching' of the radiolabel from labeled cells,
there was no significant loss of fluorescence from the PKH-
labeled erythrocytes over a period of 2 months (17). This
indicates that the label is not lost from living membranes
in vivo. Data on nucleated cells are still lacking. Our inability
to detect other leukocytes that are weakly labeled indicates
that there is no re-utilization of the label lost from dying cells.
Red blood cells do not demonstrate any progressive loss
of fluorescence over the period observed. When subjected
to both linear and exponential regression analysis, the erythro-
cytes were found to disappear in a linear manner. This
indicates a simple age-determined lifespan for sheep red
blood cells. Had there been random destruction of the labeled
red blood cells, consistent with labeling-induced damage, a
rapid exponential decay curve would have been expected
(18). Previous data have suggested that there may be multiple
populations of red blood cells which can be differentiated by
their lifespans in vivo (34). Our data do not support this.
Simple analysis of the slope of the regression line led to
calculation of a mean lifespan for sheep erythrocytes of
153 days.
Previous methods to determine lymphocyte lifespan have
included incorporation of DNA precursors, arrest of cell
proliferation, adoptive transfer experiments and persistence
of altered karyotypes (13). In vivo lifespan of lymphocytes
based on incorporation of DNA precursors provides indirect
data based on appearance rates of labeled cells and per-
sistence of unlabeled cells in the periphery. Difficulties may
result due to unequal labeling of peripheral tissues and
possible toxicity of the utilized precursor (14). Because exo-
genous nucleotides are utilized in the salvage pathway, they
may fail to label mature lymphocytes in the periphery which
may use the de novo pathway of DNA synthesis (35). It has
been suggested, therefore, that this method only demon-
strates a minimal estimate of cell division in wVo(13). Methods
relying on persistence after cell transfer and persistence after
arrest of cell production also provide interpolate data In
addition, such a perturbation of the immune system may
cause normal homeostatic mechanisms to alter the normal
lifespan of lymphocytes (13). The relative contributions of
peripheral cell division and input from primary lymphoid
tissue cannot be distinguished. Finally, analysis based on
persistence of lymphocytes with altered karyotypes following
non-lethal irradiation may also affect the lifespan of the pool
observed (15). Evidence suggests that the degree of radiation
damage may affect the overall lifespan of the measured
lymphocyte. Karyotype-based techniques do, however, allow
rare cell analysis.
PKH-based protocols to assess pool turnover are not
subject to these difficulties Previous data have demonstrated
in vitro that rates of cell division of PKH-labeled cells can be
calculated based on successive halving of intensity of the
PKH label following cell division (19). This provides a more
direct method to assess the rate of cell division than the
incorporation of labeled DNA precursors. In addition, this
protocol involves an ex vivo labeling procedure, allowing
more stringent control over labeling efficiency than with
bromodeoxyuridine labeling (14). Unfortunately, in vivo results
are not as easily interpretable as in vitro data. In vitro
experiments with synchronized cells clearly demonstrated
discrete drops in the intensity of label during cell division,
rather than a gradual shift as is seen in the in vivo situation
(19). Although leeching of label from cells has not been
observed in vitro or in vivo, there is a gradual loss of intensity
from lymphocytes. Although some dye loss must be indicative
of cell division, in vivo dye loss may also correlate with
cell metabolism. It was observed that there was a gradual
redistribution of the label within the cells over time. This was
seen as a shift from a diffuse surface staining to a highly
localized internal staining as assessed by fluorescence micro-
scopy (not shown). Previous studies have suggested that
there may be some loss to endothelial cells during migration;
however, it was not possible to detect significant levels on
endothelial cells in our studies (31). No other cell types were
found to acquire label over the course of the experiment. The
rate at which the dye intensity halved on lymphocytes was
found to follow an exponential function. This is in agreement
with a hypothesis describing the gradual halving of dye
intensity at a constant rate, relative to metabolic function and
cell division. Calculation of the mean rate of loss in intestinal
and s.c. lymph demonstrated no significant differences. The
mean division rate was found to be -30 days. Although it
was not possible to definitively calculate the lifespan of
lymphocytes based on the loss of label over time, this 30 day
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dye loss rate must be at least a maximal estimate of peripheral
lymphocyte division within the recirculating pool
The rate at which the labeled cells disappeared in the lymph
compartments appeared to follow an exponential function as
well. As there does not appear to be evidence for significant
dye loss in vivo, this indicates a definable rate of turnover of
lymphocytes. This value must be a function of the rate at
which cells leave the compartment through death and the
rate at which newly formed cells enter the compartment.
Regression analysis allowed calculation of this rate through
analysis of the speed at which labeled cells disappeared
from the blood and lymphatic circulations. Calculation of the
half-life for these mathematical functions demonstrated a
mean turnover rate of efferent s.c. lymph of -22 days. In
contrast, efferent intestinal lymph appeared to turn over every
12 days and the blood lymphocytes repopulated every 13
days. Due primarily to intra-animal variation, there is no
significant difference between these values. The overall mean
time for the turnover of the recirculating pool is 16.5 days.
The experiments described here were undertaken in order
to further understand the steady-state nature of recirculating
lymphocyte pools in vivo. Prior to this work, little was known
RATE OF LABEL LOSS
THYMUS
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BONE MARROW
NA
OTHER
LYMPHOID
ORGANS
NA
TURNOVER RATE
BLOOD
NOT AVAILABLE
SCLN
29.2 ± 11.4 DAYS
MLN
30.5 ± 7.7 DAYS
RECIRCULATING
LYMPHOCYTE
POOL
Division - 29.8 ± 6.8 days
(3J6xlOA9/day)
Turnover- 16.5 ± 3.0 days
(3J)xlOA9/day)
MLN
11.7 ±2.9 DAYS
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DEATH
3.7xlO*9/daj
Fig. 4. Schematic representation of the lifespan and turnover of recirculating lymphocytes in vivo (NA, data not available)
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regarding the nature of recirculating lymphocytes except
absolute numbers of cells. No such direct measurement of
pool turnover rates and cell lifespans has been available.
Tissue specificity does not appear to play a major role in the
rate at which the pool replicates through cell division or input
from primary lymphoid organs. It was found that the loss of
label from lymphocytes in both mesenteric and s c. efferent
lymph was similar. This may indicate similar metabolic rates
within these two compartments or maximal rates of cell division
associated with normal immune stimulation occurring in out-
bred animals. Using this value, it is possible to calculate a
balance sheet for pool turnover and cell division within the
recirculating lymphocyte pool. The following calculations are
schematized in Fig. 4. Estimating the recirculating pool at
1X1011 lymphocytes and assuming a random probability of
cell division, 1X1011 lymphocytes divide every 29.8 days
(Table 1). This would suggest that 1X10 1 1 / 29 .8 or 3 36X109
lymphocytes divide each day, presumably within the peri-
pheral lymphoid organs. It has been estimated that the thymic
input from a 3-month-old lamb is 4.0X108 lymphocytes per
day (36). Export rates from the thymus in more mature animals
are likely to be somewhat lower. Input rates of lymphocytes
from bone marrow and Peyer's patches for 6- to 12-month-
old lambs are as yet unknown. The contribution to the
recirculating pool from the formation of new cells in secondary
lymphoid organs is unclear. Data from Hall and Morris (37)
suggests that under normal circumstances, cell division within
the lymph node contributes <1-2% of the small lymphocytes
in efferent lymph. During an immune response, this number
can increase. Although there is also considerable cell division
within other lymphoid organs, the contribution that this makes
to the recirculating lymphocyte pool has not been assessed
Adding the input from primary lymphoid organs to the calcu-
lated division rate above provides a total new cell input of
-3.76X109 lymphocytes per day. In order to maintain a
constant pool size, an equal number must be removed through
cell death. Experimentally, we found that the recirculating
pool turns over on average every 16.5 days (Table 1). Experi-
mentally, 50% of the labeled pool is replaced every 16.5
days. This would suggest that 5X1010 lymphocytes die each
16.5 days or 3.03x109 lymphocytes die each day. Overall,
this value is close to the predicted value of 3.76x 109 cells/day.
This suggests that long-term PKH labeling may be an
effective way to measure the lifespan of lymphocytes in vivo.
Such data is of primary interest to understanding the nature
of the in vivo immune response. This report represents the
first demonstration of direct measurement of lymphocyte
turnover, and lifespan in vivo. Phenotypic analysis of labeled
lymphocytes can now explore directly the lifespan of memory
and naive lymphocytes in vivo. Further studies can now be
directed to directly establish the turnover of other cell types
in vivo. The turnover and lifespan of lymphocytes and of other
leukocytes is fundamental to the overall immune or disease
status of an individual, and future direct measurements in
animals and man are now feasible.
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